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•  A  novel  capacitive  anode  was  made  by  electrodepositing  Mn02  on  carbon  felt. 

•  The  addition  of  Mn02  increased  the  capacitance  of  the  anode. 

•  The  MFCs  power  density  improved  24.7%  with  the  capacitive  anode. 

•  Flow-through  mode  decreased  the  mass  transfer  resistance  by  41.4%. 
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A  novel  anode  is  fabricated  by  electrodepositing  manganese  dioxide  (Mn02)  on  carbon  felt  to  promote 
MFCs  power  production.  Compared  to  the  bare  carbon  felt  anode,  when  the  electrodeposition  time 
increases  to  60  min,  the  anode  capacitance  improves  46  times.  The  maximum  power  density  of  the  MFC 
with  the  Mn02-coated  anode  reaches  3580  ±  130  mW  m-2,  24.7%  higher  than  that  with  the  bare  carbon 
felt  anode  (2870  mW  m-2).  Mn02  is  believed  to  facilitate  extracellular  electron  transfer  and  accordingly 
improve  the  power  output.  Three  anode  substrate  circulation  modes,  i.e.,  flow-through,  side-flow,  and 
no-flow,  are  applied.  Electrochemical  impedance  spectroscopy  (EIS)  tests  reveal  that  flow-through  mode 
decreases  the  anode  mass  transfer  resistance  by  41.4%  compared  to  the  no-flow  mode  and  contributes  to 
the  MFCs  power  production  improvement. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cell  (MFC)  is  a  promising  device  for  organic 
matter  degradation  through  catalytic  reaction  of  electrogenic 
microorganism  and  simultaneous  electricity  generation  without 
external  energy  input  [1-4].  However,  the  power  output  of  the  MFC 
is  still  too  low  to  drive  most  commercially  available  electronic  de¬ 
vices  [5  .  Power  generation  of  the  MFC  can  be  improved  when 
accelerating  the  anode  substrate  oxidation,  electron  transfer,  and 
mass  transfer  [6,7  . 

To  promote  the  anode  substrate  oxidation  and  electron  transfer, 
exploring  effective  anode  material  is  of  great  importance  since  the 
anode  is  not  only  the  carrier  of  the  electrogenic  bacteria  but  also  the 
conductor  of  the  electron  [7  .  A  high-performance  anode  material 
should  have  the  following  characteristics,  excellent  conductivity, 
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good  chemical  stability,  strong  bio-compatibility,  large  surface  area, 
and  low  cost  [8,9].  The  most  versatile  anode  material  for  MFCs  is 
carbon  (felt,  cloth,  paper,  and  fibers)  [10  .  Carbon  materials  have 
little  electrocatalytic  activity  and  thus  modification  of  carbon  ma¬ 
terial  is  the  main  approach  to  improve  their  performance  [11,12]. 
Recent  studies  demonstrated  that  carbon  anode  modified  by  tran¬ 
sition  metal  oxide  delivered  larger  capacitance  and  accelerated  the 
extracellular  electron  transfer  from  electrogenic  microbes  to  the 
anode,  thus  promoting  power  generation  of  MFC  [13,14  .  Lv  et  al. 
found  power  density  of  the  MFC  with  RuC>2  coated  anode 
(3080  mW  m“2)  increased  17  times  compared  to  that  with  the  bare 
anode  (180  mW  m-2)  [13  .  However,  the  high  cost  of  RuC>2  restricts 
its  practical  applications.  Peng  et  al.  prepared  an  anode  by  rolling 
Fe304  in  activated  carbon  and  increased  the  MFC's  maximum  po¬ 
wer  density  by  22%  [14  .  But  the  anode  fabricated  by  the  rolling 
process  is  not  suitable  for  designing  large  specific  surface  electrode 
for  the  biofilm  adhesion.  Mn02  is  a  transition  metal  dioxide  with 
high  specific  capacitance,  low  cost,  abundant  resource,  and  envi¬ 
ronmentally  benignity  15,16  .  In  previous  researches,  Mn02  was 
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normally  used  as  a  cathode  catalyst  [17,18].  But  all  the  character¬ 
istics  of  Mn02  suggests  it  may  be  a  potential  pseudo-capacitive 
anode  modifier,  which  has  rarely  been  explored. 

To  enhance  anode  mass  transfer,  accelerating  the  substrate 
stirring  speed  or  circulation  flow  rate  was  normally  applied,  as  it 
was  feasible  to  reduce  the  mass  transfer  resistance.  However,  the 
mass  transfer  resistance  can't  be  further  lowered  when  the  stir 
speed  or  circulation  rate  reaches  a  certain  level  [19  .  Several  recent 
studies  demonstrated  that  the  anode  substrate  circulation  modes 
can  enormously  affected  the  power  generation  of  the  MFC. 
Employing  the  flow-through  mode,  when  the  anode  substrate  was 
driven  to  flow  through  the  porous  anode,  increased  the  availability 
of  substrate  inside  the  anode  and  promoted  the  protons  to  trans¬ 
port  away  from  the  biofilm  [20].  But  how  the  flow-through  mode 
influences  the  internal  resistance  (especially  the  mass  transfer 
resistance)  has  not  been  investigated. 

In  this  study,  different  amount  of  Mn02  particles  were  elec- 
trodeposited  on  the  carbon  felt  surface.  Specific  capacitance  and 
resistance  of  the  freshly  prepared  Mn02-coated  carbon  felts  were 
examined.  Two-chamber  MFCs  were  constructed  with  the  Mn02- 
modified  carbon  felts  as  the  anodes.  Linear  Sweep  Voltammetry 
(LSV)  was  conducted  to  investigate  power  production  of  the  MFCs 
and  electrochemical  impedance  spectroscopy  (EIS)  was  applied  to 
detect  internal  resistance  of  the  MFCs.  Three  operation  modes, 

1. e.,  flow-though,  side-flow  and  no-flow,  were  employed.  The 
effects  of  different  operation  modes  on  mass  transfer  resistance 
were  also  investigated  by  electrochemical  impedance  spectros¬ 
copy  (EIS). 

2.  Experimental  material  and  method 

2.2.  Mn02-coated  anode  preparation  and  tests 

The  anode  substrate  was  a  piece  of  carbon  felt  (Shanghai  Qijie 
Carbon  Co.,  Ltd.)  with  a  dimension  of  3.0  cm  in  diameter  and  0.5  cm 
in  thickness.  A  Ti  sheet  (5.0  cm  x  1.0  cm  x  0.1  cm)  was  attached  to 
the  carbon  felt  to  connect  the  external  circuit.  Prior  to  the  elec¬ 
trodeposition,  the  carbon  felt  was  cleaned  in  hot  H2O2  solution 
(10%,  90  °C)  for  3  h,  then  hot  HC1  solution  (10%,  90  °C)  for  1  h, 
followed  by  thorough  rinse  with  deionized  water  and  dried  at 
60  °C.  Electrodeposition  of  Mn02  on  the  carbon  felt  was  performed 
in  a  two-electrode  electrochemical  cell  consisting  of  a  working 
electrode  (carbon  felt),  a  counter  electrode  (Ti  sheet),  and  the 
MnAc2  (0.25  M)  solution  as  the  electrolyte  (Fig.  SI).  A  constant 
current  of  30  mA  controlled  by  an  Autolab  potentiostat  (PGSTAT 
128N,  Metrohm  Autolab,  Netherlands)  was  applied  as  the  power 
source  of  the  electrodeposition.  The  amount  of  Mn02  deposited  on 
the  carbon  felt  was  determined  by  the  electrodeposition  time,  i.e., 
5  min,  20  min,  and  60  min.  The  carbon  felts  with  these  different 
amount  of  MnC>2  were  designated  as  ED5,  ED20,  and  ED60, 
respectively.  They  were  then  rinsed  thoroughly  with  deionized 
water  and  dried  at  60  °C  for  4  h. 

2.2.  MFC  construction,  inoculation  and  operation 

Four  two-chamber  MFCs  were  constructed  with  four  different 
carbon  felts  as  the  anodes,  i.e.,  bare  carbon  felt,  ED5,  ED20,  and 
ED60,  namely  B-MFC,  ED5-MFC,  ED20-MFC,  and  ED60-MFC, 
respectively.  The  liquid  volume  of  anode  and  cathode  chamber 
were  28  mL  and  21  mL,  respectively.  Between  the  two  chambers,  a 
cation  exchange  membrane  (CMI7000,  Membranes  International 
Inc.,  U.S.)  was  applied  as  a  separator.  The  modified  carbon  felt 
anode  was  inserted  in  the  middle  of  the  anode  chamber,  separating 
it  into  two  parts.  The  carbon  brush  was  used  as  the  cathode.  The 
MFCs  (duplicated  reactors)  were  inoculated  with  mixed  bacterial 


cultures  collected  from  the  effluent  of  acetate-fed  MFCs  operated 
for  more  than  six  months  in  our  laboratory.  The  anolyte  was  pre¬ 
pared  by  dissolving  1.64  g  sodium  acetate  (NaAc),  0.31  g  NH4CI, 

4.4  g  KH2PO4,  3.4  g  I<2HP04-3H20,  0.1  g  CaCl2-2H20  and  0.1  g 
MgCl2-6H20  in  1.0  L  deionized  water;  whereas,  the  catholyte  was 
prepared  by  dissolving  16.64  g  potassium  ferricyanide  K3Fe(CN)6  in 
1.0  L  phosphate  buffered  solution  (KH2PO4  4.4  g  L~\  K2HPO4  3H2O 

3.4  g  L-1)  21].  The  anode  substrate  was  replaced  every  three  days 
to  remove  planktonic  and  dead  cells.  Experimental  temperature 
was  kept  at  30  °C. 

Three  circulation  modes,  i.e.,  flow-through  (FT),  side-flow  (SF), 
and  no-flow  (NF),  were  tested  after  the  MFCs  were  inoculated  and 
stably  operated  for  six  months  (Fig.  1).  In  the  FT  mode,  the  anode 
substrate  was  driven  to  flow  through  the  anode.  In  the  SF  mode,  the 
substrate  flowed  only  along  the  left  side  of  the  anode.  In  both  FT 
and  SF  modes,  the  substrate  flow  rate  was  6  mL  min-1,  controlled 
by  a  peristaltic  pump.  In  the  NF  mode,  the  substrate  was  not 
circulated.  The  external  resistance  was  fixed  at  500  Cl  All  the  ex¬ 
periments  were  done  in  flow-through  mode  unless  otherwise 
specified. 

2.3.  Electrochemical  analysis 

The  capacitances  of  four  freshly  prepared  anodes,  i.e.,  bare  car¬ 
bon  felt,  ED5,  ED20,  and  ED60,  were  determined  by  applying  gal- 
vanostatic  charge-discharge  test,  which  was  performed  at  a 
current  load  of  5  mA  within  a  potential  range  from  -0.5  V  to  0.4  V 
(CHI  660  A,  ChenHua,  China).  The  capacitance  of  the  anode  can  be 
calculated  as  [22], 

C  =  It/AU  (1) 

where  C  is  the  capacitance  of  the  anode  (F),  /  is  the  char¬ 
ge-discharge  current  (A),  t  is  the  discharge  time  (s)  and  A U  is  the 
potential  window  (V).  The  resistance  of  the  anode  were  measured 
by  a  multimeter. 

The  voltage  drop  across  the  external  resistor  ( Re ,  Q)  was 
measured  every  5  min  using  a  data  acquisition  system  (DAQ2213, 
ADLINK,  Beijing,  China).  MFCs  polarization  and  power  density 
curves  were  obtained  by  running  linear  sweep  voltammetry  (LSV) 
at  a  scan  rate  of  1  mV  s-1  after  the  MFC  were  inoculated  for  three 
months,  when  the  MFC  was  connected  to  the  Autolab  potentiostat 
(PGSTAT  128N,  Metrohm  Autolab,  Netherlands).  During  the  LSV 
test,  the  cathode  acted  as  the  working  electrode,  and  the  anode 
served  as  both  the  reference  and  counter  electrodes  [23  .  The  po¬ 
wer  density  can  be  calculated  as  P  =  UI/A,  where  U  is  the  voltage 
drop  across  the  MFC,  /  is  the  current,  and  A  is  the  projected  surface 
area  of  the  anode  (A  =  7  cm2). 

Electrochemical  impedance  spectroscopy  (EIS)  tests  were  car¬ 
ried  out  with  the  Autolab  potentiostat.  During  the  EIS  test,  the  two- 
electrode  mode  was  adopted  with  the  anode  served  as  the  working 
electrode  and  the  cathode  as  the  counter  electrode  and  reference 
electrode  [24].  To  ensure  the  system's  stability  during  the  test,  the 
EIS  was  performed  under  the  working  condition  when  the  MFC  was 
connected  to  a  fixed  external  resistance  of  500  Q  [25  .  Sixty-one 
frequencies  were  tested,  ranging  from  100  kHz  to  0.1  Hz  with  a 
sinusoidal  excitation  signal  of  10  mV.  The  software  used  for  data 
fitting  was  Zview3.1  from  Scribner  Associates  Inc  19]. 

The  component  of  the  internal  resistance  was  obtained  by  fitting 
the  EIS  data  point  (frequency,  real  part,  imaginary  part)  according 
to  the  equivalent  circuit  (inserted  in  Fig.  4).  In  the  equivalent  circuit, 
Rs  represents  the  solution  resistance,  including  the  anode  solution, 
CEM  and  cathode  solution  resistances.  Ract  is  the  anode  charge 
transfer  resistance.  Zw  is  the  anode  Warburg  impedance.  A 
constant-phase  element  (CPE)  is  proposed  to  represent  the 
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Anode  ^  CEM  Cathode 


Fig.  1.  Schematic  diagram  of  three  operation  modes,  i.e.,  FT,  SF  and  NF. 


electrical  double  layer  capacitance,  which  is  the  result  of  charged 
electrolyte  species  accumulating  near  the  charged  surface  of  the 
electrode  [26].  Cc  and  Rcat  represent  the  cathode  capacitance  and 
cathode  polarization  resistance,  including  cathode  charge  and  mass 
transfer  resistance  27  .  Since  the  EIS  was  performed  at  the  working 
condition,  an  external  resistance  of  500  Q  was  parallel  connected  to 
the  MFC  (designated  as  Rext  in  the  equivalent). 

3.  Results  and  discussion 

3.1.  Capacitance  and  resistance  of  the  anode  materials 

The  capacitance  of  the  as-prepared  anodes  was  investigated  by 
performing  the  galvanostatic  charge-discharge  test.  As  shown  in 
Fig.  SI,  the  charge  and  discharge  curves  of  the  four  anodes  were  all 
nearly  linear  and  almost  symmetrical,  exhibiting  excellent  revers¬ 
ibility  and  capacitive  property  for  these  electrodes.  The  specific 
capacitance  of  the  four  anodes  were  calculated  according  to 
Equation  (1)  and  illustrated  in  Fig.  2,  as  well  as  the  specific  re¬ 
sistances.  The  anode  ED60  had  the  largest  specific  capacitance  of 
0.804  F  cm-2,  47  times  of  the  bare  carbon  felt's  (0.017  F  cm”2). 
However,  the  addition  of  MnC>2  increased  the  anode  resistance  as 
well.  The  specific  resistance  of  the  anode  ED60  (2.67  Q  cm”2)  was 
much  larger  than  that  of  the  bare  carbon  felt  (0.37  Q  cm”2).  Low 
electroconductivity  of  MnC>2  may  be  the  major  reason  [16]. 

3.2.  Electricity  generation  of  MFCs  with  different  anodes 

During  the  first  week  of  start-up  period,  the  output  voltages  of 
ED60-MFC  and  ED20-MFC  were  much  lower  than  those  of  ED5- 
MFC  and  B-MFC,  mainly  because  that  the  relatively  low 


Fig.  2.  Specific  capacitance  and  specific  resistance  of  the  four  anodes:  Bare,  ED5,  ED20, 
and  ED60. 


electroconductivity  of  the  Mn02  restrained  the  initial  enrichment 
of  the  bacteria.  However,  in  the  second  and  third  week,  the  output 
voltages  of  ED60-MFC  and  ED20-MFC  exceeded  the  ED5-MFC  and 
B-MFC  and  achieved  stability  gradually  (Fig.  S3). 

The  polarization  and  power  density  curves  of  the  four  MFCs 
were  shown  in  Fig.  3.  The  open  circuit  voltages  (OCV)  of  the  four 
MFCs  had  no  remarkable  difference  (-0.72  V).  The  short-circuit 
current  densities  of  the  four  MFCs  were  appreciably  different. 
The  B-MFC  delivered  the  least  short-circuit  current  density  of 
14.72  A  rrT2,  27.3%  less  than  the  ED60-MFC  (18.73  ±  1.12  A  itT2). 
The  ED60-MFC  produced  a  maximum  power  density  of 
3580  ±  130  mW  m”2,  24.7%  higher  than  that  of  the  B-MFC 
(2870  mW  m”2).  The  internal  resistances  were  82.5  and  65.1  Q,  for 
B-MFC  and  ED60-MFC,  respectively.  The  Nyquist  plots  of  the  EIS 
were  listed  in  Fig.  S4.  By  fitting  the  data  of  the  Nyquist  plots  using 
the  Zview  software,  the  value  of  each  parameter  was  obtained 
(Table  SI).  The  major  parts  of  the  internal  resistance  are  solution 
resistance  ( Rs )  and  anode  mass  diffusion  resistance  (Rad)-  The 
values  of  Rs  of  MFCs  were  quite  similar.  However,  Ra d  of  ED60-MFC 
was  26.5  Q,  34.1%  lower  than  that  of  the  B-MFC  (40.2  Q),  indicating 
that  the  Mn02-coated  anode  was  capable  of  diffusing  the  substrate 
towards  the  electrode  surface  and  improving  the  performance  of 
the  MFC. 

The  longer  electrodeposition  time  resulted  in  larger  amount  of 
MnC>2  coated  on  the  anode  and  higher  anode  capacitance  (Fig.  2). 
Higher  capacitance  helps  to  stabilize  the  performance  of  anode  and 
contribute  to  the  power  output  [28].  It  is  also  believed  that  MnC>2 
could  interact  electrochemically  with  the  bacteria  and  has  the 
ability  to  facilitate  extracellular  electron  transfer  of  the  bio¬ 
electrochemical  reactions. 


Fig.  3.  Four  MFC's  power  density  curves  (solid  symbols)  and  polarization  curves  (open 
symbols). 
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21.9%  and  41.4%,  compared  to  the  SF  and  NF  mode.  This  result 
demonstrated  that  the  FT  mode  enhanced  the  anode  mass  transfer 
and  accordingly  improved  the  MFCs  power  generation. 

4.  Conclusions 

Carbon  felt  modified  by  manganese  oxide  was  used  as  the  anode 
of  MFCs  in  this  study.  The  MFC  with  the  modified  anode  achieved  a 
maximum  power  density  of  3580  mW  m-2,  24.7%  higher  than  that 
of  MFC  with  bare  carbon  felt  anode.  The  high  specific  surface  area, 
pseudocapacitive  behavior  and  good  bio-compatibility  contributed 
to  the  enhancement  of  electrode  reaction  and  electron  transfer. 
Flow-through  mode  could  reduce  the  anode  diffusion  resistance  by 
41.4%  and  enhance  the  anode  mass  transfer  compared  to  the  no¬ 
flow  mode.  The  adoption  of  the  Mn02-modified  anode  operated 
in  flow-through  mode  improved  the  power  generation  of  MFC. 
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Fig.  4.  Nyquist  plots  of  impedance  spectra  by  applying  three  operation  modes  (FT,  SF 
and  NF)  and  the  fitted  data  (solid  line)  according  to  the  equivalent  circuit  (inserted). 


3.3.  Operation  mode  test  and  EIS  analysis 

The  ED60-MFC  was  selected  for  testing  different  operation 
modes,  as  it  delivered  the  highest  power  production  among  all 
investigated  MFCs.  Three  operation  modes  (FT,  SF  and  NF)  were 
tested  as  shown  in  Fig.  1.  Each  mode  was  operated  until  stable 
voltages  was  repeatedly  produced.  Then  the  EIS  measurement  was 
carried  out  to  detect  the  internal  resistance  at  the  MFCs  working 
condition  with  a  fixed  external  resistance  of  500  Q. 

Fig.  4  demonstrates  the  Nyquist  plots  and  fitted  plots  (using  the 
equivalent  circuit  described  above)  of  the  EIS  measurements.  Here, 
the  horizontal  axis  is  the  real  impedance  (Zr(Q))  and  the  vertical 
axis  is  the  imaginary  impedance  (-Z/(Q)).  It  can  be  seen  that  the 
fitted  plots  show  the  similar  trends  with  the  measured  plots. 

Each  component  of  the  internal  resistance  under  different 
operation  modes  was  fitted  and  illustrated  in  Fig.  5.  Total  internal 
resistances  were  52.2,  58.1  and  65.3  Q,  at  FT,  SF  and  NF  modes, 
respectively,  indicating  that  the  FT  mode  helped  to  reduce  the  total 
internal  resistance.  The  difference  of  the  total  internal  resistances 
was  mainly  attributed  to  the  change  of  the  anode  mass  diffusion 
resistances  (Ra d).  Applying  FT  mode  enormously  reduced  the  Ra d  by 


Fig.  5.  Internal  resistance  distribution  of  the  MFC  operated  at  three  operation  modes. 
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Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
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